Background This study aimed to summarize a new technology for magnetic resonance imaging (MRI) of swallowing in the evaluation of esophageal function and gastroesophageal reflux disease (GERD) as well as for postoperative imaging after antireflux surgery. Methods A search was carried out in the Medline database to identify relevant publications. Results Magnetic resonance swallowing is a new, simple, nonionizing radiological method used to confirm the diagnosis of GERD or any motility disorder. The MR diagnosis of GERD was concordant with the pHmetry in 82% of patients. However, the main clinical indication is for evaluation of the cause of fundoplication failure in the postoperative patient who suffers new or recurrent symptoms. Magnetic resonance swallowing is the only method that enables a direct view of the wrap itself. In up to 93% of cases, the correct position of the fundoplication wrap could be determined; 67% of malpositions were assessed, as well as all cases of wrap. 
Introduction
Gastroesophageal reflux disease (GERD) is one of the most common diseases in the modern world, with a prevalence of up to 20% [1] . The main cause is the dysfunction of the antireflux barrier, which is located at the gastroesophageal junction and includes many functional and anatomic components. In these times of more personalized therapy for GERD [2] , the pathology of GERD is characterized by the functional impairment of the lower esophageal sphincter, the crural diaphragm, a widened angle of His, and poor esophageal motility [3] .
Traditionally, the diagnosis of GERD has relied on pH-metric studies, manometry, endoscopy, and a barium swallow as an imaging method. Owing to their low diagnostic accuracy, barium esophagrams are currently no longer recommended in the diagnostic pathway. Because of various limitations, a contrast barium swallow cannot provide adequate anatomic information [4] . Repetitive assessment of esophageal motor function by barium esophagram is also restricted owing to ionizing radiation exposure [5] .
With recent developments in magnetic resonance imaging (MRI) during the past few years, the imaging modality now offers excellent soft-tissue contrast in combination with increasing temporal resolution up to the subsecond level [6] . Therefore, dynamic imag-review ing of swallowing has become a reality for the morphological and functional imaging of the esophagus and the gastroesophageal junction.
Moreover, MR swallowing is a completely noninvasive procedure without ionizing radiation, and, therefore, could also be applied in the near future in pediatric patients and pregnant women [7] .
At present, MR swallowing has been successfully used in healthy volunteers [8] [9] [10] and patients with oropharyngeal disorders [11] [12] [13] . This new method was also reviewed in the assessment of motility disorders [14, 15] , as well as in the diagnosis of GERD [4, [16] [17] [18] [19] . Since 2014, it has been used to monitor treatment after antireflux surgery [20] [21] [22] .
Methods
This is a narrative review of the clinical value of MR swallowing for the diagnosis of GERD and esophageal motility disorders, as well as for the assessment of failure after laparoscopic antireflux surgery (LARS).
A selective Medline search was conducted through PubMed with the terms "MRI", "GERD", "swallowing", "gastroesophageal junction", "esophageal motility", and "fundoplication failure".
Additional literature was supplemented from a reference list of leading articles.
Since there was no intention to perform a quantitative assessment of the available literature, no systematic review or meta-analysis was conducted. The imaging method described in this article has recently been developed, and, to date, most studies have dealt with a small patient population. Therefore, a metaanalysis would not be the appropriate method.
Results

Role of MRI in diagnosis of GERD
A consensus panel of GERD experts concluded, in 2012 [23] , that the optimal diagnostic work-up for GERD should include pH monitoring, manometry, upper GI-endoscopy, and barium esophagram. The most important method in identifying GERD and the subsequent correct treatment is pH-impedance monitoring. Barium swallow examination is useful for testing the function of the esophagus, but, in diagnosing GERD, the sensitivity is only 34%, and thus, it is not recommended in the diagnostic workup of GERD [24] . However, this method is required for the preoperative work-up before LARS, according to the American Esophageal Advisory Board [23] , to determine whether there are structural abnormalities, such as hiatal hernia or paraesophageal hernia, as well as a short esophagus or other structural abnormalities in the oropharynx or esophagus. This aids in planning an adequate surgical therapy. However, a barium swallow cannot show surrounding structures and requires ionizing radiation exposure. Owing to the radiation exposure, the examination cannot be repeated at will.
Dynamic swallowing MRI has become a valuable tool in the assessment of morphological and functional imaging of the esophagus [4, 16, 18] in patients with typical GERD symptoms. Magnetic resonance swallowing is a noninvasive procedure without ionizing radiation and without the administration of intravenous contrast medium, and thus it could also be used for pediatric or pregnant patients.
Compared with a barium swallow, MR swallowing offers the possibility of multiplanar imaging in any desired plane, and thus the course of the esophagus and the gastroesophageal junction can be adjusted very precisely. The best coverage of the esophagus, which is the main challenge of this examination technique, can be reached with a combination of doubleoblique sagittal and coronal views ( [16] ; Fig. 1 ). With these planes, reflux events can be studied quite well (Fig. 2) , and the literature reports a good correlation between 83 and 91% with the DeMeester score in pHmetric studies [16, 18] . Other parameters, such as diaphragm-to-sphincter distance, sphincter length, as well as sphincter-transit-time, showed significant differences between healthy volunteers and symptomatic patients [18] . There was a small difference in the His angle between healthy volunteers with approximately 75°and reflux patients with about 100° [ 18] . However, this was not statistically significant, which is in contrast to the longstanding hypothesis that a smaller His angle forms a better antireflux barrier [25, 26] . The presence of a hiatal hernia has been shown to have a strong association with GERD [27, 28] . The detection and measurements of a hiatal hernia illustrates one of the main strengths of swallowing MRI. Exact measurements of the size of a hiatal hernia are possible in any desired plane [16] . The size of an axial hernia shows a strong correlation with the grade of the reflux [7] . About 60-80% of GERD patients suffer from a hiatal hernia, whereas only 3-7% of patients without hiatal hernia show signs of reflux esophagitis [27] [28] [29] [30] . An increased hernia size is significantly correlated with total esophageal acid exposure, acid clearance, acid exposure time, and severity of esophagitis [31] . In MR swallowing examinations, the axial orientation is preferred for the detection and measurement of an axial hernia ( [16] ; Fig. 3 ).
This new method should not replace pH-metric studies, manometry, or endoscopy; rather, it should be seen as a complementary method in the diagnostic pathway for GERD. If the probe for pH measurements or manometry could not be placed for some reason, it could also serve as a helpful alternative method.
Dynamic MRI in motility disorders
Motility disorders of the esophagus are usually investigated with high-resolution manometry (HRM), a pre- cise technique with measurements that are not assessable with other methods. While HRM even offers the capability to measure the intensity of a single peristaltic wave and the opening pressure of the lower esophageal sphincter (LES), a barium swallow or videofluoroscopy allows for a simultaneous view of the morphological changes and gastroesophageal function during swallowing events.
The combination of imaging and instrumental approaches was successfully introduced for the diagnosis and follow-up [32] [33] [34] [35] of symptomatic patients. In the past few years, the field of radiology has moved from ionizing radiation studies toward radiation-free imaging modalities like MRI.
Today, MR swallowing studies for motility disorders represent an actual topic of research, but is still limited to a few working groups [14] [15] [16] 19] .
As a noninvasive procedure, MR swallowing could, therefore, be used in young patients who suffer from noncardiac chest pain, globus without dysphagia, or unexplained cough as a first-choice investigation before HRM or a barium swallow [15] . This method 234 Swallowing MRI for GERD-diagnosis and treatment monitoring K allows for repeated examinations at short intervals thanks to the lack of ionizing radiation, as different oral contrast mediums are used, from a gadoliniumbuttermilk mixture, yoghurt, pineapple juice, or the oral MR contrast agent Lumivision ® (Bendergruppe, Baden-Baden, Germany). The good soft-tissue contrast of MR swallowing offers the possibility for multiplanar imaging of the surrounding structures, such as the mediastinum or diaphragm [15] , which could be useful in detecting extra-esophageal findings that can clinically mimic achalasia or other motility disorders.
One limitation is that MR swallowing can be performed only in supine position in most MR machines. Thus, an upright swallow is not possible and can impair the examination in some subjects, especially in patients with achalasia (Fig. 4) , in whom the bolus transport is possible only in an upright position [15] . Also, fine webs, Schatzki rings, or low-grade stenoses could be overlooked by an MR swallowing study owing to the limited spatial resolution, which is adequate for the assessment of esophageal function, but too low for precise evaluation of the esophageal wall [14] .
Impact of swallowing MRI in failed LARS
Gastroesophageal reflux disease can be successfully treated by LARS with a high success rate of nearly 90% [36] . A small group of patients suffer from persistent, recurrent, or completely new symptoms after fundoplication. The clinical presentation includes dysphagia that does not resolve after the first 6 weeks, recurrent heartburn, regurgitation, or gas bloat syndrome [37] . Postsurgical failure and its definition have been extensively discussed in the literature [38] . It has been demonstrated that surgical success decreased with each reoperation. Thus, a detailed preoperative work-up is mandatory to identify the underlying cause.
Most often, a multimodal diagnostic approach is chosen, which includes endoscopy, manometry, pHmetric studies, a barium swallow, or videocinematography. However, compared with fluoroscopy, where the wrap can be identified only indirectly, swallowing MRI is the first-choice radiological method, which offers a direct view of the wrap itself (Fig. 5) . Thus, diagnostic reports should be structured and could be categorized according to five different failure patterns ( [20] ; Table 1 ). A significant problem includes intrathoracic migration of the wrap (Fig. 6) . Therefore, it is not surprising that MRI achieves better results than endoscopy in diagnosing the location of the wrap or even its disruption [20] . Magnetic resonance imaging was able to confirm the correct position in 93% of patients and wrap disruption in all patients, when compared with the intraoperative results of the revision surgery [20] . In another study where endoscopy was used as a reference test, real-time MRI yielded an excellent sensitivity of 92%, with a specificity of only 17% [22] . The high number of "false-positive" diagnoses (i.e., low specificity) of MRI might indicate that in fact endoscopy missed a relevant portion of hernias [22] . In a combined test, where the reference test for the assessment of hernia was implemented either on endoscopy or real-time MRI, MRI showed a sensitivity of 94%, with a specificity of 100%, whereas endoscopy reached 71% sensitivity, with a specificity of 100% [22] . A recurrent hernia is one of the major causes of a second operation [38] . Thus, it is not review surprising that 82.9% of the patient population in the revision surgery group had a recurrent hiatal hernia [21] . Swallowing MRI could detect 83% of cases, with five cases missed (17%), in a follow-up study with a total patient population of 79 [21] . Although these very few studies showed better results for MRI, endoscopy should not be replaced. Moreover, these two methods are complementary in diagnosing the postoperative wrap situation [21] . The radiologist should be familiar with the terms "recurrent hernia" and "slipping." In contrast to "slipping," a recurrent hernia is diagnosed when gastric components are displaced above the hiatus level without regard to the status of the wrap [21] . "Slipping" means that the stomach slips proximally through an intact fundoplication wrap. Some authors use the term "slipped Nissen," which means the transthoracic migration of the Nissen wrap [39] . Slipping is a difficult diagnosis to make with MRI, because the tubelike malformed part of the gastric fundus can easily be misinterpreted as distal to the esophagus [21] .
Wrap disruption (Fig. 7) occurs in up to 12.8% of patients [40] who undergo revision surgery. Obviously, the correct diagnosis of wrap disruption requires a certain level of experience in interpreting swallowing MRI [21] . Sometimes, it can be difficult to distinguish between a complete and incomplete rupture of the wrap, but the decision for revision surgery in symptomatic patients remains the same. The knowledge of the correct fundoplication type before the MR examination is crucial. However, a "Toupet" fundoplication (270°circumference) can mimic a partial disruption of a Nissen fundoplication (360°complete circumference). Swallowing MRI has the major advantage of combining anatomical with functional information, enabling the assessment of esophageal dysmotility after fundoplication [20, 22] . A reduction of propulsive contractions and a bolus transit time more than 20 s are a strong indicator of esophageal dysmotility [20] . The diagnosis of re-reflux still remains a problem. Owing to the higher temporal resolution of the new sequences, the detection rate of reflux could be improved [22] in 86% of cases, but 15-30-min imaging time might be too short to achieve so as to compete with 24-h pH monitoring.
Conclusion
Swallowing MRI is a reliable, safe, and innovative diagnostic imaging modality with which to assess the anatomic and functional features of the gastroesophageal junction and the esophagus in one examination. It has the potential for a better understanding of GERD, as well as of motility disorders, and is a valuable complementary method in the diagnosis of failure patterns after LARS.
